Implementation of uranium bioremediation requires methods for monitoring the membership and activities of the subsurface microbial communities that are responsible for reduction of soluble U(VI) to insoluble U(IV). Here, we report a proteomics-based approach for simultaneously documenting the strain membership and microbial physiology of the dominant Geobacter community members during in situ acetate amendment of the U-contaminated Rifle, CO, aquifer. Three planktonic Geobacter-dominated samples were obtained from two wells down-gradient of acetate addition. Over 2,500 proteins from each of these samples were identified by matching liquid chromatography-tandem mass spectrometry spectra to peptides predicted from seven isolate Geobacter genomes. Genome-specific peptides indicate early proliferation of multiple M21 and Geobacter bemidjiensis-like strains and later possible emergence of M21 and G. bemidjiensis-like strains more closely related to Geobacter lovleyi. Throughout biostimulation, the proteome is dominated by enzymes that convert acetate to acetyl-coenzyme A and pyruvate for central metabolism, while abundant peptides matching tricarboxylic acid cycle proteins and ATP synthase subunits were also detected, indicating the importance of energy generation during the period of rapid growth following the start of biostimulation. Evolving Geobacter strain composition may be linked to changes in protein abundance over the course of biostimulation and may reflect changes in metabolic functioning. Thus, metagenomics-independent community proteogenomics can be used to diagnose the status of the subsurface consortia upon which remediation biotechnology relies.
Enzymatic reduction of U(VI) to insoluble U(IV) by dissimilatory Fe(III)-reducing bacteria (DIRB) can limit subsurface U(VI) migration (2, 19, 20) . This observation provided the basis for an important new biotechnology that involves remediation of contaminated groundwater by organic amendmentbased stimulation of the activities of DIRB. Despite the obvious high potential value, there are significant technological challenges that must be overcome before this approach can be deployed as a functional biotechnology. In situ U(VI) reduction rates are directly coupled with microbial physiology and community composition, both of which change as bioremediation progresses (22, 24, 28) . Thus, a key need is the ability to monitor changes in microbial community membership and function as they occur, so that optimal management strategies can be implemented to achieve the desired geochemical outcomes. This challenge is significant because metal reduction occurs within pore spaces deep in the aquifer and the process is associated with vast numbers of microbial cells distributed in the subsurface.
Changes in the complements of DIRB proteins should reflect shifts in microbial physiology and could be used to monitor in situ bioremediation technologies if microbial proteomes could be tracked during organic amendment. Proteomic methods have previously been used to detect physiological responses of microorganisms growing in pure culture (8, 16, 17) and in genomically characterized natural microbial communities (7, 18, 26, 34) . Strain-resolved proteomic approaches (18) have the potential to also track changes in microbial community composition. Previously, the use of proteomic analysis techniques to monitor subsurface bioremediation has been precluded by the lack of metagenomic data. Here, we used seven isolate Geobacter genomes to generate a reference database against which peptide data measured using two-dimensional (2D) liquid chromatography (LC)-based high-resolution tandem mass spectrometry (MS-MS) were compared for pro-tein identification. Although differences between environmental and isolate peptide sequences may preclude peptide identification, peptides common to multiple Geobacter types and isolates enable protein identification, and peptides unique to one isolate constrain environmental genotypes. Simultaneous analysis of community structure and function in natural microbial communities that relies upon proteomics-derived genomic insights is referred to as proteogenomics (Fig. 1) . In the current study, a proteogenomic approach was applied to monitor the progress of an in situ U bioremediation project carried out at the Department of Energy (DOE) Integrated Field Research Challenge site in Rifle, CO. Despite strain complexity in the recovered samples, proteomic data provided insights into the community structure and physiology of planktonic Geobacter isolates in aquifer solutions as groundwater U(VI) concentrations decreased.
MATERIALS AND METHODS
Injection gallery design and operation. The Winchester field experiment was carried out during August and September 2007 (8 August to 12 September) at the Rifle Integrated Field Research Challenge site in Western Colorado, where groundwater U concentrations are typically ϳ1 M. An injection gallery consisting of 10 injection wells, 12 down-gradient monitoring wells arranged in three rows, and three up-gradient monitoring wells was constructed using sonic rotary drilling (see Fig. S1 in the supplemental material). Acetate-bromide (50 mM:5 mM)-amended groundwater was injected into the subsurface to provide a target acetate concentration of ϳ5 mM which acted as an electron donor over the FIG. 1. Strain-resolved proteogenomic techniques allow identification of unique peptides and constrain the genotypes present in environmental samples. (1) Proteins were predicted from the seven isolate Geobacter genomes. (2) Proteins were aligned. In the example shown, they share a conserved region (similar colors in all seven regions) and have a variable region (indicated by the variety of colors for each protein). (3) Tryptic digest patterns are used to predict peptide sequences. Proteins were extracted from the experimental sample (4) and digested into peptides by using trypsin (5) . These peptides were separated using LC (6) before high-resolution mass spectrometry on a fraction of peptides from an elution peak (7) to determine the mass of the parent ions. (8) The peptides are fragmented and mass spectrometry measurements made on fragment ions. (9) Mass spectral data are matched to peptide sequences predicted in step 3 to allow peptide identification. Peptide sequences differing by only one amino acid can be identified, as shown in the spectral diagram. (10) Detected peptides are mapped onto aligned protein sequences to identify peptides shared or unique to each of the isolate species. Spectral counts can be mapped together with peptides. Where coexisting unique peptides are detected, ratios of unique spectral counts can be used to infer relative strain abundance. As shown, the identification of a unique peptide indicates that this protein is most closely related to that of G. bemidjiensis.
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course of the amendment experiment. Geochemical samples were taken from a 17-ft depth after 12 liters of groundwater was purged, and the samples were analyzed in the field and at Lawrence Berkeley National Laboratory. Ferrous iron and sulfide concentrations were analyzed immediately following sampling by using the HACH phenanthroline assay and a sulfide reagent kit, respectively (HACH, CO). Acetate was analyzed using a Dionex ICS1000 ion chromatograph equipped with a CD25 conductivity detector and a Dionex IonPac AS22 column (Dionex, CA). U(VI) values were determined using a kinetic phosphorescence analyzer (Chemchek, WA) at the DOE Grand Junction office. Sample collection. Three biomass samples were recovered from groundwater over the course of the in situ bioreduction experiment. Two samples were taken from well D07, and one was taken from well D05, both wells being located in the second row of the down-gradient monitoring wells. For each sample, 500 liters of groundwater pumped at approximately 2 liters min Ϫ1 from a well was filtered through a prefilter (1.4-m-pore-size, 292-mm diameter Supor disc filter; Pall Corporation, NY), followed by a Pelicon tangential flow filtration system (0.2 m) (Millipore, MA) to concentrate biomass. Groundwater was passed through a series of chilling baths containing an ice-rock salt mixture as soon as it was pumped to the surface to minimize changes to the proteome. Chilling baths ensured that the groundwater temperature was approximately 1°C as it passed through the filtration system which was located in an air-conditioned trailer. Biomass was concentrated to ϳ200 ml in the retentate vessel and centrifuged at 4,000 rpm for 40 min at 4°C. The resulting pellet was resuspended in ϳ5 ml of groundwater, immediately frozen in an ethanol-dry ice mix, and shipped overnight on dry ice to Oak Ridge National Laboratory (ORNL) and Pacific Northwest National Laboratory for proteomic analysis.
Proteomics. In order to ensure that the proteomic analyses were as robust as possible, all experiments were conducted in two different laboratories, using parallel but distinct procedures and instrumentation. Results from both laboratories are provided in Table S2 in the supplemental material. Values with normalized spectral abundance frequency (NSAF) scores (see below for details) below 1 ϫ 10 Ϫ5 were removed, and values between this and 1 ϫ 10 Ϫ4 are shown in gray text. Despite many opportunities for discrepancies, the data indicate good replication and all conclusions are based on patterns evident in both datasets. Plots in the manuscript are generated from ORNL data.
ORNL shotgun proteomics via 2D LC-MS-MS.
Cells in ϳ500 l of a sample were lysed in a single tube and processed using a method optimized for small samples in which the proteins were denatured, reduced, and digested with sequencing grade trypsin (32) . Approximately one-fifth of each digested sample was used for each of three technical replicates for the three samples. Samples were analyzed via 22-hour 2D nano-LC-MS-MS with a split-phase column (reversed phase-strong cation exchange-reversed phase) on a hybrid linear ion trap-Orbitrap mass spectrometer (Thermo Fisher Scientific, MA), as previously described (34) . The linear ion trap (LTQ) and Orbitrap settings were as follows: 30K resolution for full scans using Orbitrap; all data-dependent MS-MS in LTQ (top five); two microscans for both full and MS-MS scans, with centroid data for all scans; and two microscans averaged for each spectra, with the dynamic exclusion set at 1.
All samples and technical replicates were searched against two databases; the first contained 862 isolate genomes with ϳ3 million protein entries (http://img .jgi.doe.gov/) plus a Geobacter subdatabase that contained ϳ26,000 Geobacter proteins (from seven species). Common contaminants, such as trypsin and keratin, were included in both databases. All MS-MS spectra were searched against both databases with the SEQUEST algorithm (10) and filtered with DTASelect/ Contrast (30) at the peptide level with conservative filters [Xcorr values of at least 1.8 (ϩ1), 2.5 (ϩ2), and 3.5 (ϩ3)]. Only proteins identified with two fully tryptic peptides at conservative filter levels were considered for further analysis.
We applied the accepted method of reverse database searching to determine false-positive levels on a subset of the data with the filters given above (9, 25) . This reverse database searching method was designed and tested with single yeast genomes and proteomes. For the proteomics analysis presented here, the very large percentage of nonunique peptides (often the case in metaproteomicstype experiments) and the unknown degree of genomic sequence representation in the samples make the accuracy of false-positive-level estimation questionable. Nevertheless, we attempted this established method and calculated the falsepositive levels twice, once with only unique peptides and once with all peptides. With unique peptides, the false-positive rate was between 5 and 8%, which is overestimated due to the massive reduction in real peptides that have nonunique status. With all the peptides considered, the rate falls to 0.6 to 0.9%, which is underestimated due to the addition of many nonunique peptides when truly only one peptide existed (up to seven maximum, the number of Geobacter species in the database). Since both datasets were then filtered again during the comparison stage to remove all proteins with very low NSAF values, it can be assumed that the final list used for biological analyses had a very low false discovery rate. All databases, peptide and protein results, MS-MS spectra, and supplementary tables for all database searches from the ORNL data set are archived and made available as open access publications via http://compbio.ornl.gov/ersp_rifle /ground_water_2007.
Pacific Northwest National Laboratory proteomics via LC-MS-MS and peptide putative mass and elution time tag assignments. Global as well as soluble and insoluble protein fractions were extracted from cell pellets by using established protocols (1, 17) . Briefly, frozen cells were thawed on ice, washed using 100 mM NH 4 HCO 3 , pH 8.4, buffer, and then suspended in a new aliquot of this buffer. Cells were lysed via pressure cycling technology using a barocycler (Pressure BioSciences, Inc., South Easton, MA). The suspended cells were subjected to 20 s of high pressure at 35 kilopounds per square inch, followed by 10 s of ambient pressure for 10 cycles. The protein concentration was determined by a Coomassie assay (Thermo Scientific, Rockford, IL). Protein extraction, digestion, and high-performance LC fractionation were performed as previously described (4) . From each collected fraction, peptides were analyzed by reversedphase high-performance LC separation coupled with the use of an LTQ ion trap mass spectrometer (ThermoFisher Scientific Corp., San Jose, CA) operated in a data-dependent MS-MS mode. Acquired spectra from approximately ϳ400 MS-MS experiments were analyzed using the SEQUEST algorithm (10) in conjunction with predicted protein annotations concatenated from the seven Geobacter genomes. SEQUEST results were preliminarily filtered (Xcorr values of Ն1.9, Ն2.2, or Ն3.5 for 1ϩ, 2ϩ, or Ն3ϩ if seen once; Xcorr values of Ն1.9 if seen two or more times; no cleavage rules; minimum length, 6), extracted, and processed using the PRISM proteomics pipeline developed in-house (15) .
Peptide mapping and strain variant analysis. Probable orthologous proteins were identified by BLASTP (http://blast.ncbi.nlm.nih.gov/Blast.cgi) searches between predicted proteins from the seven Geobacter isolates as proteins exhibiting 30% amino acid similarity over 70% of the alignment length (6, 27) . Tables showing distribution across the seven Geobacter species were constructed as previously described (5) . Spectral count data were normalized using the NSAF technique (36) and averaged over three technical replications per sample for the ORNL data set. While this technique was initially developed for analysis of isotope-labeled data, the statistical basis of the method allows for the normalization of data to account for biases arising from protein length in this instance. Peptides were mapped onto alignments of inferred orthologous proteins by using an in-house script which, at a protein-by-protein level, allows simultaneous visualization of unique (in single-isolate genomes) and nonunique (shared by one or more genomes) peptides as well as spectral count information. Within this program, identified peptides are rendered for individual samples, technical replicate runs, and multiple samples.
RESULTS
U(VI) groundwater concentrations were elevated at the time of collection of the D07(1) and D05 samples (ϳ0.7 and 1.4 M, respectively) and lower (ϳ0.1 M) when D07(2) was collected (Fig. 2) . D07(1) and D05 were collected during the early phase of iron reduction, and D07(2) was collected later in iron reduction.
Following protein extraction from the samples and 2D LC-MS-MS (see Materials and Methods), tandem mass spectra from all samples were searched against a database containing 862 isolate genomes (http://img.jgi.doe.gov/). Approximately 95% of all unique peptides identified matched Geobacter proteins, indicating that all samples were dominated by Geobacter species. The majority of the remaining unique peptides matched closely related microorganisms, such as Pelobacter species (12) (see the supplemental material). Subsequently, proteomic data were searched against a database (see the supplemental material) of predicted peptides from seven Geobacter isolate genomes: Geobacter bemidjiensis, G. metallireducens, G. sulfurreducens PCA, G. lovleyi SZ, G. uraniireducens Rf4, Geobacter strain FRC-32, and Geobacter strain M21. Between 2,000 and 2,500 proteins identified in each sample by using these subdatabase searches were then used in subsequent VOL. 75, 2009 PROTEOMIC MONITORING OF GEOBACTER DURING U REDUCTION 6593 biological analyses (see Materials and Methods). While only three samples were collected, differences in proteomic patterns suggest some interesting changes in microbial community structure and activity. Strain composition. Mass spectral counts for spectra unique to each isolate Geobacter species in each sample were quantified (Fig. 3A ) using a database with only the six Geobacter species that share between ϳ60 and 70% amino acid similarity across the 1,480 to 2,291 homologous proteins (G. bemidjiensis, G. sulfurreducens, G. metallireducens, G. uraniireducens, G. lovleyi, and Geobacter strain FRC-32) (see Table S1 in the supplemental material). Unique spectral counts show that a strain or strains closely related to G. bemidjiensis dominated (60 to 70%) all three samples. Strain M21 was excluded from this initial analysis because the 3,098 proteins homologous with G. bemidjiensis share ϳ95% average amino acid identity (see Table S1 in the supplemental material). Addition of the strain M21 genome would lead to classification of peptides shared with G. bemidjiensis as nonunique, prohibiting their inclusion in unique spectral counts for both strains. However, inclusion of strain M21 in the protein database for all subsequent analyses increased our ability to identify peptides and allowed higher-resolution analysis of strain makeup and activity.
While unique spectra for all Geobacter isolates were detected in all samples, each sample could, in principle, contain only one genotype. This "hypothetical" genotype would encode peptides classified as unique to each of all seven isolates. Thus, determination of strain makeup requires proteome-wide analysis of coexisting unique peptides of all seven Geobacter genotypes (Fig. 1) . The identification of multiple homologous peptides that differ in their amino acid sequences indicates the presence of multiple genotypes. It is also possible to profile strain composition on the basis of the numbers of peptides characteristic of each isolate genotype.
In D07(2) compared to D07(1), the fraction of unique spectra matching G. lovleyi increased from ϳ4% to ϳ15% (Fig.  3B) . Proteogenomic inference of the strain composition of the community in the D07(2) sample is indicated in Fig. 3C . The figure illustrates the relative even distribution along the genome of unique peptides matching G. bemidjiensis, but the presence of unique peptides characteristic of G. lovleyi at a few loci was observed, implying that the actual genotype has amino acid sequence similarity to G. lovleyi at these loci. Thus, late in iron reduction [D07(2)], we infer the proliferation of a strain(s) whose genotype remains most closely related to G. bemidjiensis and strain M21, but which has an increased fraction of loci shared with G. lovleyi or increased activity of such a strain(s).
Mapping of peptides onto alignments of homologous proteins predicted from the seven isolate genomes revealed that (Fig. 5) . Rapid growth and protein production under biostimulated conditions were reflected in the abundance of detected peptides matching chemotaxis (see the supplemental material) and ribosomal proteins (35) , while spectra matching ATP synthase F1 subunit proteins in all samples indicate the high energy demand of Geobacter species associated with this growth. However, these proteins, together with proteins associated with nutrient stress (metal efflux and P acquisition) were inferred to be more abundant in D07(1) than in D07(2), suggestive of a lowering growth rate later in Fe(III) reduction. Corresponding abundance increases from D07(1) to D07(2) for several tricarboxylic acid (TCA) cycle proteins (citrate synthase and isocitrate dehydrogenase) and the acetate-activating enzyme acetyl-coenzyme A (CoA) hydrolase (Fig. 5 ) suggest a shift in Geobacter energy metabolism, possibly tied to changes in strain makeup and lowering growth rates.
Increases in the abundance of citrate synthase, responsible for controlling flux into the TCA cycle by catalyzing the condensation of acetyl-CoA and oxaloacetate to citric acid (3), corresponded to the identification of more G. lovleyi and G. uraniireducens unique spectra (10-to 20-fold increases). However, spectral count data for conserved peptides confirm that the inferred increase was not simply due to a shift in strain type toward the genomically characterized isolates. There are more than twice as many spectral counts for a conserved peptide shared by all genotypes that contains a citrate binding site detected in D07(2) than in D07(1). The identification of coexisting homologous unique peptides associated with this protein indicates at least four Geobacter strain variants in D07(2) (see Fig. S3 in the supplemental material). Similar patterns were observed for unique peptides matching isocitrate dehydrogenase as the period of biostimulation increased. Increases in unique spectra in D07(2) relative to those in D07(1) (sevenfold for unique spectra matching G. lovleyi) were again suggestive of a shift toward strains related to G. lovleyi and G. uraniireducens, while there was a concurrent doubling of spectra matching a highly conserved peptide present in all isocitrate dehydrogenase variants.
As expected during acetate biostimulation, peptides of acetyl-CoA hydrolase, which catalyzes the activation of acetate to acetyl-CoA for use in the TCA cycle, were highly detected in all three samples. An additional pathway for acetyl-CoA formation via acetate kinase and phosphotransacetylase was evident from the proteomic data, although lower spectral counts for this than for the acetyl-CoA hydrolase pathway may indicate that this was not the primary mechanism for acetyl-CoA formation. Peptides matching succinyl-CoA synthetase from M21 and G. bemidjiensis-like strains were identified, indicating FIG. 3 . Counts of spectra unique to the Geobacter isolates as a percentage of the total number of unique spectra per sample. (a) Unique spectral count data observed when experimental results were searched using only the six Geobacter species with ϳ60 to 70% amino acid identity (strain M21 excluded). (b) Spectral count patterns generated by a database search consisting of all seven Geobacter isolates (i.e., strain M21 is included). The percentage of spectra unique to G. bemidjiensis drops greatly when strain M21 is included due to the high amino acid sequence identity between G. bemidjiensis and strain M21. (c) Unique spectral counts for G. bemidjiensis and G. lovleyi in D07(2) plotted as a function of gene order. There are several loci where increased detection of unique spectra matching G. lovleyi indicates an environmental strain with similarity to both G. bemidjiensis and G. lovleyi.
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the potential for operation of a complete TCA cycle in these organisms without acetyl-CoA transferase activity (29) (Fig. 6 ).
Detected at high abundance similar to that of acetyl-CoA hydrolase in all samples were peptides of pyruvate ferredoxin oxioreductase, which plays a key role in three-carbon synthesis from acetyl-CoA in Geobacter (21) . Pyruvate metabolism opens an additional pathway for acetate utilization, with pyruvate carboxylase, pyruvate phosphate dikinase, and phosphoenolpyruvate carboxykinase all identified by proteomics from M21 and G. bemidjiensis-like strains. These enzymes convert pyruvate to oxaloacetate, which can enter the TCA cycle ( Fig. 6) (33) .
DISCUSSION
The proteomic analysis of three microbial planktonic samples here allows the identification of a range of important pathways utilized by Geobacter spp. in the subsurface during biostimulation and suggests possible ways that the community may evolve during the process. Intriguing shifts in the abundance of certain protein groups are also suggested by the data. Results indicate dominance of Geobacter strains from "subsurface clade I" (14) during the first 20 days of acetate amendment, the presence of multiple coexisting active strain variants, and high abundance of proteins involved in the efficient utilization of acetate (13) . Acetyl-CoA hydrolase enables Geobacter to utilize acetate, and we infer that this is the primary route by which the subsurface community creates acetylCoA for energy (TCA cycle) and biomass production. In addition, acetate kinase and phosphotransacetylase offer another pathway for acetyl-CoA synthesis. All TCA cycle proteins were identified by proteomics, including succinyl-CoA synthetase from M21 and G. bemidjiensis-like strains. Given the absence of succinyl-CoA synthetase activity in G. sulfurreducens, the acetate kinase-phosphotransacetylase pathway was recently described as the mechanism by which this organism produces acetyl-CoA for biomass production (29) . It has also been sug- FIG. 4 . Identified peptide data from sample D07(1) mapped onto a schematic of aligned ribosomal S9 proteins. These data illustrate how inferences about strain makeup are achieved. Green regions indicate nonunique peptides, and blue regions indicate unique peptides. Expanded sections show the aligned amino acid sequence, with values displaying spectral counts for each peptide. Unique homologous G. metallireducens, G. uraniireducens, and G. bemidjiensis peptides and peptides unique to the G. bemidjiensis strain M21 group were present (regions a and b) . The unique G. metallireducens peptide was identified much less frequently than the homologous G. bemidjiensis and strain M21 peptide (1 versus 14 spectral counts, respectively), suggesting the presence of a second protein variant at low abundance. Conversely, the unique G. bemidjiensis strain M21 and G. uraniireducens peptides have comparable spectral counts (seven versus nine spectral counts, respectively), consistent with two relatively equally abundant strain variants. The highest coverage is obtained using the G. bemidjiensis sequence due to the identification of a unique G. bemidjiensis peptide (section c). Given this and the high spectral count for this peptide, we infer that the dominant S9 ribosomal protein is from an organism more closely related to G. bemidjiensis than to other Geobacter isolates. Another important observation is the high abundance of pyruvate ferredoxin oxidoreductase, which may enable Geobacter to "fix" some additional carbon by combining acetyl-CoA and carbon dioxide to form pyruvate (11) . Modeling calculations suggest that this pathway allows G. sulfurreducens to synthesize amino acids more efficiently than Escherichia coli (21) . While this enzyme also catalyzes the oxidative decarboxylation of pyruvate to acetate and CO 2 It is important to note that our perspective on changes in subsurface microbial activity is limited to planktonic cells. Geobacter isolates require direct access to ferric iron-bearing minerals (23) , including ferric iron-bearing clays and oxyhydroxide minerals that are readily dispersed during drilling activities and well installation. As a result, Fe(III)-bearing phases of small particle size and hence large specific surface area are concentrated in the vicinity of well bores in advance of acetate amendment. The fraction of bioavailable minerals that are readily accessible to planktonic cells declines over time due to enzymatic reductive dissolution and settling. Thus, it is not surprising that the acetate-stimulated Geobacter bloom is associated with a higher initial investment in proteins required for active growth (ribosomal proteins) (35) and nutrient acquisition. While slowing cell growth [suggested by decreasing abundances of ribosomal proteins and ATP synthase subunits in D07(2)] might be expected later in biostimulation as concentrations of electron acceptors and nutrients drop, the corresponding increases in TCA cycle proteins may indicate a shift in energy investment. Many of these abundance increases were associated with increases in unique spectra matching G. lovleyi, suggesting a potential shift in strain composition toward Geobacter isolates that are still closely related to G. bemidjiensis and strain M21, but with some similarity to G. lovleyi. Understanding exactly how these changes in metabolic function and strain composition are linked to geochemical parameters will require the analysis of additional biomass samples to conclusively demonstrate these trends.
The current study is the first to use isolate genome sequences to enable extensive mass spectrometry-based proteomic analysis of natural microbial communities. There is no question that more peptides and proteins would have been identified had metagenomic data for these samples been available. Despite the limitations of the isolate sequence-based approach, over 13,000 peptides and 2,500 proteins were identified in each sample. Identification of each peptide confirmed the presence of that sequence in the sample, and each protein contributed to a rendering of the physiological state of Geobacter strains in the communities. As currently deployed, proteogenomics is a complicated approach that depends on 
